Wormhole-like mesostructured monetite was successfully synthesized using cetyltrimethylammonium bromide (C 19 H 42 BrN, CTAB), as a porosity agent. X-ray techniques and FTIR reveal that the crystalline grains consist of highly crystalline pure monetite phase. Monetite rods with diameter around 20-40 nm and length in the range of 50-200 nm were confirmed by FESEM and TEM. Based on N 2 adsorption-desorption isotherms investigation, surface area increased up to 31.5 m 2 /g due to the removal of surfactant after calcinations at 400
Introduction
Monetite's potential as a biomaterial has recently been highlighted by a series of in vitro, animal and human studies in which monetite-based biomaterials have shown promising results as bone substitutes [1] [2] [3] .
Monetite has a higher solubility than octacalcium phosphate, tricalcium phosphate, and calcium hydroxyapatite in aqueous solutions at the physiological pH and is considered to exhibit a high in vivo resorbability in comparison to the apatitic cements [3] . This high solubility has been the main stimulus for the current study.
Introduction of nano-sized pores in these materials can not only significantly enhance the total surface area but also promote adsorption of biomolecules and drugs onto the surface of the particles. It can also increase their solubility and resorbability to the high levels [4] . Since the formation of silicate-based mesoporous structure was reported in 1992 [5] , it has become one of the most active research area of material science [6] [7] [8] . So far, monetite particles have been synthesized via different processing routes [9, 10] . To our best knowledge, the synthesis of mesoporous monetite has been seldom reported in the literature. In this study, we attempt to achieve the direct crystallization of mesoporous monetite by chemical precipitation method using CTAB as a structure directing agent. PO 4 ] and 5 g CTAB were dissolved in 50 mL deionized water at room temperature with stirring for 1 hr. Subsequently, 5.55 g CaCl 2 in 50 mL de-ionized water was added dropwise to the solution mixture, yielding a milky suspension, which was refluxed at 120
Experimental
• C for 24 h. The pH value was adjusted to pH = 4-5. The suspension was then transferred into a 100 mL PTFE-lined autoclave and heated at 90-150
• C in an oven for a specified time. The precipitate was filtered and washed several times with distilled water to remove contaminated ions and surfactant. Then, it was dried at 100
• C for 24 h. Calcination of powder was carried out at different temperature (up to 550
• C). 
2.2.
Characterization. The X-ray powder diffraction patterns were recorded on a Philips 1830 diffractometer using Cu-Kα radiation at 40 kV and 40 mA. Nitrogen adsorptiondesorption isotherms of the synthesized samples were measured at 77 K on Micromeritics model ASAP 2010 sorptometer to determine pore-size distribution and surface area of the samples. Energy dispersive X-ray (EDX) element analysis was carried out on the JEOL 6300F scanning microscope. The morphology of the powders was examined by scanning (SEM, JEOL 6300F) and transmission (TEM, Philips CM120) electron microscopy. The Fourier transform infrared spectra of samples were measured on a DIGILAB FTS 7000 instrument under attenuated total reflection (ATR) mode using a diamond module. TGA (Perkin-Elmer 7 series thermal analysis system) was performed at 10
• C/min from room temperature to 800
• C to determine the thermal behavior of the synthesized monetite. • ) provide information on the arrangement presented by porous structure [11] .
Results and Discussion
For LAXRD (Figure 1 inset) , the pattern of the as-dried sample shows a single intense diffraction peak at 2θ value of 1.114
• (d = 7.92 nm). The single peak suggested the presence of disordered mesoporous structure inside the sample, such as worm-like mesopores [11, 12] .
Figures 2(a) and 2(b) show the FTIR spectra of calcium phosphate before and after calcinations. Figure 2 (a) slows only the characteristic IR bonds of monetite [13] [14] [15] [16] [17] [18] .
The wavenumbers and corresponding assignment are represented in Table 1 .
The adsorption bonds at 2921 cm −1 , 1637 cm −1 , and 1400 cm −1 are characteristic peaks for μ(C-H), δ(N-H), and δ(C-H), respectively [13, 18] , that reveal the presence of surfactant in monetite structure. These results are in accordance with the XRD (Figure 1 ) description above, Carbonate (from atmosphere) [15] demonstrating that single-phase and highly crystalline monetite can be obtained with the aid of surfactant as a template, while Figure 2 (b) reveals the adsorption bonds for calcium pyrophosphate polycrystalline. The bonds at 530 cm −1 [19] , 1031 cm −1 [18, 19] , 1139 cm −1 [20] , 563 cm −1 [20] , and 1074 cm −1 [20] [20] , and the band at ∼3430 cm −1 is assigned to the bending mode of the OH −1 vibration [13] . The FTIR spectrum shows no adsorption band related to organic molecules. So, it can be concluded that, there is no residual surfactant in the structure after calcinations.
Adsorption-desorption isotherms and pore size distributions of mesoporous monetite calcined at different temperatures are shown in Figure 3 . Appropriate calcination temperatures concluded from thermogravimetric analysis. Samples calcined at 200
• C, 400
• C, and 470 • C exhibit a mesoporous materials type IV curve with a hysteresis loop. The BET surface area is calculated to be 31.3 m 2 /g, 31.5 m 2 /g, and 28.8 m 2 /g for samples calcined at 200
• C, and 470
• C, respectively. The low specific is attributed to the formation of mesostructure with thick walls (Figure 4(d) ), though the pore volume is high. After calcination at high temperature (>500
• C), due to the conversion of monetite to calcium pyrophosphate (Figure 1) , the porous structure is collapsed and the specific surface area decreased to 5.22 m 2 /g as indicated in Figure 3 It can be seen that the monetite prepared without CTAB (Figures 4(a) and 4(b) ) is almost agglomerated plate-shape, with lateral sizes of 2-10 μm and thickness of 1-3 μm.
The TEM micrograph of the prepared nanoporous monetite sample (Figure 4(c) ) shows that the synthesized monetite is fairly dispersed nanorods of diameter 20-40 nm and in the length range of 50-200 nm. It is clear that the morphology and size of monetite can be controlled effectively by using CTAB.
EDX analysis indicated a Ca : P ratio of approximately 1, characteristic of monetite. A bright cylindrical restrict (not very obvious) can be seen in the center of rods (Figure 4(d) ). It seems that it is a hollow space, originated due to the removal of surfactant. The rod-like micelles formed during the synthesis and served as templates. The micelles, not only provide nucleation sites for target materials induced the orientational growth of the monetite particles, but also create nanopores in the structure.
Conclusions
Monetite particles with mesoporous structure and controlled morphology were successfully synthesized using CTAB as cationic surfactant. A strong association between the CaHPO 4 and surfactant molecules throughout the development of the crystal could be responsible for the formation of well-crystallized monetite with rod-like morphology. However, the mesostructured phase was unstable at higher temperature because of the transformation of monetite to calcium pyrophosphate.
